The corrosion of an ex-service 7-YSZ coated high-pressure turbine blade by Siundersaturated, Fe-,Ti-rich CMAS (FT-CMAS) was investigated. The constituents of the FT-CMAS deposit and its synthetic laboratory counterpart are identified by means of analytical SEM and XRD. FT-CMAS mainly consists of rhönite-, melilite-, and clinopyroxene-type solid solutions. FT-CMAS reacts with the 7-YSZ thermal barrier coating (TBC) to a continuous layer of a Ca,Zr-rich garnet phase also known as kimzeyite. The microstructural analysis indicates that kimzeyite has formed via solidstate reaction. The formation of kimzeyite was studied in laboratory using YSZ/ FT-CMAS diffusion couples and powder compacts. Experiments provide strong evidence that kimzeyite is forming predominantly from YSZ and melilite whereas clinopyroxene and especially rhönite appear relative stable versus YSZ. The preferred kimzeyite formation from melilite and YSZ is explained by the availability of 6-fold coordinated lattice sites for Zr 4+ upon melilite decomposition and subsequent garnet crystallization.
Introduction
The ingestion of airborne mineral dust defines a serious threat to aero-engine performance and service life. The thermal barrier coatings (TBC) suffer from hotcorrosion associated with the accumulation and infiltration of molten or partially molten mineral particles. The melt infiltration of TBCs promotes a reduction in compliance and eventually spallation of the TBC from turbine blades, hence marks a limitation to the service life of turbine engines. Over the years there has been considerable effort to assess thermochemical and thermomechanical aspects of TBC degradation by ingested mineral particles, which is commonly referred to as "CMAS"-corrosion. A recent comprehensive review of CMAS-related phenomena is given by Levi et al. service HPT-blade from a military engine and described the thermochemical decomposition of the EB-PVD YSZ TBC in a Fe-rich CMAS environment. 2 Mercer et al. used an ex-service blade to study the delamination of CMAS-infiltrated EB-PVD YSZ TBC. They focused their work on fracture mechanics and derived a "cold shock" damage mechanism. 3 In a previous work we have analysed an ex-service 1 st stage HPT airfoil of a Pratt & Whitney PW 4000 aeroengine with a EB-PVD YSZ TBC fully infiltrated by CaSO 4 (anhydrite). 4 A CMAS deposits with a high CaO-to-SiO 2 ratio and significant Fe and Thus an expanded "FT-CMAS" system was introduced.
In the present work we have investigated an ex-service EB- 
Experimental Procedure
The ex-service high-pressure turbine blade (HPT) was kindly provided by MTU Aeroengines Maintenance (Hannover, Germany). Similar aeroengines are employed for example in Boeing 757 or Boeing C17 type aircrafts. Information on operation conditions are not available, however a service life of ten thousand hours and beyond is likely.
The CMAS corrosion scenario was accessed through a combination of scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD) (see schematic in figure 1 ). On the basis of the blade's bulk CMAS composition a laboratory CMAS powder was synthesized (1250 °C/10 h) from Al-, infiltration it is anticipated that the corrosion zone at the FT-CMAS/YSZ interface has formed without direct contribution of CaSO 4 .
Phase paragenesis of the PW 2000 corrosion zone
In analogy to our previous work 4 a laboratory FT-CMAS was synthesized at 1250°C, which is considered a plausible estimate for TBC peak surface temperatures in as well as rhönite (R B ) are unambiguously identified, but there is no clear evidence for clinopyroxene (Fig. 4 (ii); note subscript B for "blade"). The strong XRD peak at 25.5° 2-θ (A) can be assigned to anhydrite CaSO 4 .
To our best knowledge this is the first report of rhönite in the context of CMAS corrosion. Rhönite is an accessory rock-forming mineral typically occurring in Fe-rich, low-silica environments such as basalts. 6 Among the most prominent natural occurrences of rhönite are Ca-,Al-rich inclusions found in the Allende meteorite and inclusions of augite grains of lunar regolith. AlSiO 6 ) has been described as constituent of high-temperature metamorphic rocks. 21 The morphology of co-existing phases in laboratory FT-CMAS and the corresponding phases in the corrosion zone of the HPT-blade was studied by SEM and EDS. In laboratory FT-CMAS, clinopyroxene C L is forming small, slightly darker contrasted crystals frequently growing adjacent to rhönite R L (Fig. 5) . Again the EDX quantification and cation allocation in a generalized structure were employed for an approximation of a charge-balanced clinopyroxene stoichiometry. Note that the clinopyroxene EDS analyses in table 1 requires cation position T [4] being fully occupied by Si and Al and position A [8] fully occupied by Ca, respectively. Therefore
Mg, Fe, and minor Ti, Zr were allocated to position B [6] only. A simplified model solid solution for C L would consist of 60% esseneite, 30% diopside and 10 % hedenbergite ( In contrast to XRD analysis (Fig. 4) SEM of the laboratory FT-CMAS analysis reveals an additional crystalline phase "T L " appearing as light-gray contrasted grains with sizes typically below 5 µm (Fig. 5) . On the basis of EDS spot analysis and subsequent single synthesis phase "T L " could be identified as a Ti-rich, garnet-type solid solution ( 25 The absence of garnet reflections in the XRD profile (Fig. 4) 
Laboratory duplication of the PW 2000 CMAS corrosion scenario
The phase formation and microstructural evolution of the PW 2000 blade were duplicated by depositing laboratory FT-CMAS powder on an EB-PVD 7-YSZ coated alumina coupon and subsequent annealing at 1250 °C for 10 hrs. Again, the temperature of 1250°C was selected in analogy to our previous work. 4 The SEM cross section at the interface ( fig. 7) Alternatively, the preferred oxygen coordination of present cations and their relative concentrations can help to rationalize the specific reactivity observed. In particular [8] gives rise to a higher Zr-concentration in the garnet, quite similar to the experimental observations.
From the supplementary annealing experiments it is concluded that the continuous kimzeyite layer enveloping the TBC column tips has formed preferentially at the expense of melilite while large rhönite grains represent residues of this reaction. In contrast to the PW 2000 blade (see Fig. 7 ) the laboratory diffusion couple does not exhibit the formation of a clinopyroxene layer separating kimzeyite and melilite. The stability considerations, however, do not rule out such a (Zr-saturated) clinopyroxene layer: even if residual rhönite is stable with respect to kimzeyite, it may react with excess melilite to clinopyroxene in the long term.
A further microstructural feature of the laboratory FT-CMAS/EBPVD 7YSZ diffusion couple is presented in figure 9 (close-up of the boxed region in figure 7 ). In addition to major melilite (M) and rhönite (R), the FT-CMAS overlay is holding a large number of newly formed small, Ti-and Zr-rich grains frequently exhibiting a core/rim element 
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